Principia, there was a very apparent discrepancy of almost 20 per cent between theoretical and experimental values of the speed of sound. To remedy such an intolerable situation, some, like Newton, optimistically framed additional hypotheses to make up the difference; others, like J. L. Lagrange, pessimistically confessed the inability of contemporary science to produce a reasonable explanation. A study of the development of various solutions to this problem provides some interesting insights into the history of science. This is especially true in the case of Pierre Simon, Marquis de Laplace, who got qualitatively to the nub of the matter immediately, but whose quantitative explanation performed some rather spectacular gyrations over the course of two decades and rested at times on both theoretical and experimental grounds which would later be called incorrect.
The speed of sound, u, is equal to VE/p, where E is the elasticity and p is the density When it came time to publish a second edition of the Principia, new values for the density of air gave Newton only a slightly different value, 979 feet per second,20 for the speed of sound. However, in the light of new experiments, especially those of John Flamsteed and Edmund Halley, he was convinced that this was too low. A solution could be found in his theory of the particulate nature of matter. Newton proposed that the particles of air had diameters equal to one tenth their mutual separation. The particles would then have to vibrate only 90 per cent of the distance he had previously supposed or, alternatively, the sound moved through the particles (10 per cent of the distance) at infinite speed. The speed of the wave would thus be 1088 feet per second, and the presence of water vapor might increase this to 1142.
Before leaving Newton, and without going into detail, we should note that his initial calculation rested on a number of hypotheses. Chief among these were assumptions that the elasticity of the air was a linear function of the sound intensity and that the particles of air oscillated in simple harmonic motion. More than a century was to pass before both of these questions were subjected to a thorough scrutiny.
The eighteenth-century physicists dismissed Newton's explanation for the difference between measurement and theory in what was now the speed-ofsound problem; but even the best of them could do no better. In 1727 Leonhard Euler thought he had a correction which would give theoretical values between 1069 and 1222 feet per second, depending on the temperature.21 But by 1759, when his best calculation was 894 feet per second, he was forced to admit: " We know that sound is transmitted in one second through almost 1100 feet, and no one has yet discovered the cause of this excess over theory." 22 Also in 1759, Lagrange calculated the speed of sound without making Newton's assumptions of the harmonic nature of air particle vibrations. Surprisingly, the result of the computation was not affected. Lagrange of the medium. E =-v (dp/dv) = p (dp/dp); v = volume. Therefore u-Vdp/dp. We can apply Boyle's law (p -kp) to obtain ut= Vp/p. Newton did not realize that heat was developed in compression and that the sound vibrations took place so fast that this could not escape but instead raised the local temperature and thus also the pressure. We can calculate this by assuming the more complete gas law: pv = RO. Then pdv + vdp = RdO. For any heat process, the change in heat, dQ = (&Q/&v) dv + (&Q/&p) dp. Therefore, the specific heat at constant pressure: cp = (&Q/0o) p = (aQ/av) (dy/dO) = (aQ/av) R/p. And the specific heat at constant volume: C. = (&Q/00) v-(Q/Op) (dp/dO)
In an adiabatic process, dQ =0, allowing us to derive that vdp/dv pC,/C,. Substituting this into the expression for the speed of sound, and noting that p = m/v: u = V (P/P) (CP/C').
Since CP/CV = 1.42 for air, we can see wfhy Newton's calculation fell 20 per cent short of the experimental value for the speed of sound. 20 found solace in concluding that " one should not be surprised that theory differs a little from experiment; for we know that experiments complicated enough cannot furnish data simple and free of extraneous conditions, as demanded by pure analysis." 23 At least by 1802 Pierre Simon, Marquis de Laplace, had resolved, qualitatively and to his own satisfaction, the old Newtonian dilemma. It was very simple. When the sound wave compressed -then rarefied -the air, the simple form of Boyle's law did not hold because the temperature did not remain constant. Under compression, for instance, heat was liberated. Because of the speed with which the compression-rarefaction process took place, this heat did not have time to dissipate; thus the local temperature was raised, the local pressure was raised, and the speed of sound was that much greater than what Newton had predicted.
All this was first revealed to the scientific world by Jean Baptiste Biot in 1802. Laplace had asked his young protege to discover " the influence that variations of temperature, which accompany the dilations and condensations of air, might have on the speed of sound," 24 In the early nineteenth century there was a great deal of interest among the French scientists in the subject of specific heat. This interest stemmed from various sources, among them desire for more knowledge of chemical combination (heat of reaction and specific heat were thought to be closely connected), interest in more efficient steam engines, and speculation on the value of absolute zero. Georges Cuvier, writing probably in 1813, indicated briefly how this led to a prize being offered by the Academie des Sciences,29 the " Grand Prix des sciences physiques ou naturelles" for 3000 francs, with terms as follows: " Determine the specific heats of gases, particularly those of oxygen, azote, and some compound gases, comparing them to the specific heat of water, etc." 30 There is no evidence that there was any stimulus from the speed-of-sound problem. The prize was proposed in January 1811, to be awarded in 1813. Two important papers were submitted, both of which contribute to our story. One, by F. Delaroche and J. E. Berard, appeared in 1813 and won the prize; the other, by Nicolas Clement and Charles Desormes, was not published until 1819.
Delaroche discussed prior work before revealing his own experimentation. His reasons for rejecting the method of Crawford are interesting. " This procedure, besides its lack of precision, has the inconvenience of not giving the specific heat of gases, in the sense that we have given to that word, since the gases, thus closed up, can neither dilate nor condense." 31 Thus he made a rough distinction between the constant-volume and constantpressure processes; furthermore, the constant-volume process was assumed to give a value for the specific heat not particularly important-in fact, not really the specific heat at all.
The substance of the Delaroche-Berard experiment was to supply gas at a constant pressure, heat it, and allow it to cool while flowing through a calorimeter. The specific heat measured for air was 0.2667; other reasonable values were obtained for oxygen, hydrogen, water vapor, etc. By a slight alteration in their apparatus they were able to obtain one measurement for the specific heat of air at a higher pressure. They found that by increasing the pressure 35.83 per cent (from 74.05 to 100.58 centimeters of mercury) the heat given off by equal volumes of gas increased 23.96 per cent.32 No attempt was made to repeat the experiment or to try for other pressures. Delaroche and Berard did not try to calculate the speed of sound, but they did something rather interesting. They made reference to Laplace, assumed that his reasoning on the discrepancy between theoretical and experimental values for the speed of sound was correct, and thus were able to use the calculations of Poisson plus some of their own numbers to come up with a value (-3180) for absolute zero. A second entry for the Grand Prize of 1813 ran afoul, if one would believe the authors, of some scientific politics. For our purposes there were two interesting parts to the experiment of Clement and Desormes.33 In the first they had a closed air-filled glass vessel connected to a water manometer and a vacuum pump. The internal pressure was reduced about one centimeter of mercury below atmospheric pressure. A valve was opened long enough to allow equalization of internal and external pressures, then quickly closed. As heat dissipated from the enclosed gas, the manometer indicated a decrease in internal pressure, giving a measure of what had been the increase in temperature. In the second part of the experiment they measured 31 F. Delaroche and J. E. Berard, " M6rmoire sur la determination de la chaleur specifique des differens gaz," the relative specific heats (at constant pressure) of several gases, though without comparing them to water. (This last fact would seem to be reason enough not to give them the prize.) This second part of the experiment can be compared to the work of Delaroche and Berard, though it was a good deal simpler in its mechanics. A flask of gas was immersed in a constanttemperature bath, allowing the gas to expand against a water manometer; the rate of expansion was a measure of the specific heat. By a slight alteration in the procedure they were able to measure the relative specific heats of air at three less-than-atmospheric pressures.
SPECIFIC HEATS PER UNIT VOLUME AS MEASURED BY DELAROCHE AND BEIRARD
In 1822, Gay-Lussac and J. J. Welter measured the ratio of the specific heat at constant pressure (C) of air to the specific heat at constant volume (C,) . The details of their experiment were never published, but apparently they did essentially the same thing as Clement and Desormes in the first of the two experiments mentioned above. The ratio obtained was 1.3748. 34 From a modern point of view only the measurements of the ratio Cp/CV performed by Clement and Desormes, then by Gay-Lussac and Welter, should have been of any value to Laplace. Yet it is a fact that his first successful calculation of the speed of sound was made using the DelarocheBerard data. We might content ourselves by saying that the experiment was faulty, that Laplace's theory was faulty, and by some coincidence of the type often found in the history of science the two completely canceled each other. But there is more to it than that. Laplace's theory was faulty in large part because he tailored it to the Delaroche-Berard numbers; that is, he constructed his theory to fit the best available data. In fact, he constructed several such theories. Unfortunately, the crucial experimental number was faulty in just the right way to make them possible. Let us then look briefly at how Laplace fitted his theoretical notions of heat to the speed-of-sound problem. Such a look is particularly rewarding because his view fluctuated considerably during two decades -an indication of the difficulties inherent in the problem of heat in the early nineteenth century.
Laplace's first published comments on the speed of sound appeared in Note V of Berthollet's Statique chimique. 35 Here he advanced the view that the quantity of heat in a gas at a given temperature was proportional only to the volume and was independent of the density of the elementary particles. His reasoning was that when the gas was compressed to, say, half its volume, the density of particles at the surface would double. If the repulsive force between particles remained constant, that would be just enough to balance the external pressure. But the free caloric was also reduced by half. Laplace assumed there were only two places for it to go. It did not become latent because then the repulsive force between particles would have changed; therefore it must have been released to raise the temperature of the immediate surroundings. In a nutshell: when the gas was compressed to half its volume, half of the free caloric was released. No sooner had this analysis been sent to press than Laplace detected an error. His correction appeared in Note XVIII of the same book.36 The change in surface area was not proportional to the change in volume but rather to the two-thirds power of the volume. If the pressure were increased eight fold, the density of particles on the surface would be multiplied by four. Thus the repulsive force of each particle against the external pressure would have to double. Indeed, the repulsive force of a particle at a given temperature would be proportional to the reciprocal of the distance between particles. Under compression some of the free heat became latent in order to make up the repulsive force. In a nutshell: when the gas was compressed to half its volume, less than half of the free caloric was released; the rest (Laplace did not estimate how much) became latent in order to make up the increase in repulsive force: " which agrees with experiment and with the observed speed of sound."
In December 1816, almost four years after the experiments of Delaroche and Berard, Laplace read to the Academie des Sciences a remarkable paper in which he used their results to calculate the speed of sound. He noted once again that the repulsive force between molecules was inversely proportional to their separation. Furthermore he was quite explicit in stating that in order for the process to have any effect on the speed of sound, the vibrations would have to take place fast enough so that the heat evolved would not have time to escape, but rather would raise the temperature of the molecules involved (as we would say, the process is adiabatic), a condition which he felt certain held. Then, " the true speed of sound is equal to the product of the Newtonian formula times the square root of the ratio of the specific heat of air at constant pressure and at different temperatures to its specific heat at constant volume." 37 This is an eminently correct statement. It is interesting to see how he arrived at it and how he applied it to the Delaroche data.
Laplace's basic ideas, clearly expressed in the 1816 memoir, were identical with those of his second 1803 statement. Pressure depended inversely on the distance between molecules and was related in some undetermined way to the temperature. In Laplace's words, freely translated:
When the temperature of the air is raised, at constant pressure, only part of the heat is used to raise the temperature; the rest serves to increase the volume. This latter part of the heat is liberated when the air is reduced to its primitive volume by an increase in pressure. When two air molecules come close together in a vibration, the heat released raises their temperature and tends to radiate out into the nearby area; but if this happens very slowly relative to the speed of vibration, we can suppose that the amount of heat remains essentially the same. So, as the two molecules approach, they meet a resistant force first because the repulsive force is proportional to 1/D at constant temperature, and second because the latent caloric which 36 C. L. Berthollet, Statique chimique, pp. pletes, vol. 14, p. 332. 552-553. Also in P. S. Laplace, Oeuvres com-develops increases their temperature. Newton only considered the first of these, but obviously the second cause must increase the speed of sound since it increases the pressure.37
Thus Laplace could relate his own adiabatic system to a constant-pressure heat process, and Newton's isothermal system to a constant-volume heat process. To make the pressures proportional to the specific heats, he apparently assumed that for equal volumes at different temperatures the pressure was proportional to caloric content; this neither follows from nor contradicts the rest of his theory.
Delaroche and Berard had measured the specific heat of air at two pressures. There is no indication that Laplace thought it important or even realized that these were constant-pressure specific heats. Crucial to him was the assumption that they were proportional to the caloric contents of the gas at the two pressures. The difference in the heat content, at constant volume, had therefore been measured as 24 per cent for a change in pressure of 36 per cent. Thus, he could assume that if a quantity of air were heated at constant volume to increase its caloric by 24 per cent, the pressure would increase by 36 per cent. On the other hand, if the air were allowed to expand at constant pressure back to the original temperature, the amount of heat absorbed should theoretically be 36 per cent. Hence the ratio of the specific heats was .36/.24 = 1.5. Laplace multiplied the Newtonian value for the speed of sound by -V1.5 and obtained 345.35 meters per second, to be compared with an experimental value of 337.18.
Laplace was well pleased with the agreement, as well he might have been. Before going on, however, we might note that the whole analysis was quite fortuitous since the data of Delaroche and Berard were in error. Instead of 1.24 they should have obtained 1.36 for the relative specific heat of air at the higher pressure, an error of less than 10 per cent in their measurements which became a very important 50 per cent in the way it was used by Laplace.
Five years later, in 1821, Laplace had developed a completely different theory of heat.38 But, in what might be considered a classic example of the manner in which multiple theories are available in science for the explanation of a given number of data, the new theory explained all the phenomena embraced by the old, including the faulty Delaroche-Berard experiment.
Every molecule was surrounded by an amount of heat, c. The repulsion between molecules, and therefore the pressure, was proportional to c2. Thus, if the pressure was increased by, say, a factor of two, the amount of heat necessary to sustain the new pressure would increase by a factor of only V2 if the temperature remained constant. As a result, heat would be evolved. Applying this to the speed-of-sound problem, Laplace noted that In recapitulation, Laplace saw the source of error in the speed-of-sound calculation at least as early as 1802; he used the terminology " ratio of specific heats" by 1816. But we should note that in neither of these instances did the theory of heat play an important role, and his statements remain valid today. It was in searching for experimental values of specific heat ratios that difficulties arose. Here the theory of heat could be decisive. Where today we would dismiss the results of Delaroche and Berard as both irrelevant and in error, Laplace was able to fit them conveniently into two different theories in three different fashions. In each case he could believe in good conscience that he was supporting solid theoretical views with the best available experimental evidence. Fortunately, he was also able to support his theory of sound transmission with data independent of his notions of heat, thus making it easier for the former to survive when the latter fell into disrepute.
Neither the great name of Laplace nor tlhe reasonableness of his basic assumptions nor the close agreement between experiment and theory were sufficient to solve immediately for the scientific world the problem of the speed of sound. Instead, he seems to have brought the problem to the fore, 40 P. S. Laplace, Traite' de mecanique celeste, vol. 5 (Paris, 1823), book 12, pp. 99-160 
